In this study, the characteristics of polycyclic aromatic hydrocarbons (PAHs) in airborne particles equal to or less than 10 µm (PM10), collected from the Bangkok urban air, were investigated. Sixteen PAHs content in PM10 were simultaneously measured. High molecular weight PAHs (four-, five-, and six-ring) were more abundant in airborne particles (91.7% of total PAHs) than those of low molecular weight PAHs (two-, and three-ring). Further, 71.4% of the total PAHs found in the study sites are potentially carcinogenic PAHs. Benzo[a]pyrene (BaP) was a prominent carcinogenic compound for PAH mixtures found in the area. Correlation analysis revealed that there is a close correlation between the concentration of carcinogenic PAHs and amount of PM10. This is due to their absorptivity property on the surface of the particles. In this study the lifetime lung cancer risk was estimated from the seven carcinogenic PAHs using the toxicity equivalent factor (TEF). The probable number of lung cancer cases in Bangkok Metropolitan was estimated at 27 cases/year. The concentration of carcinogenic PAHs found in Bangkok city in 2002/2003 is comparable to values in many other cities.
INTRODUCTION
Polycyclic aromatic hydrocarbons (PAHs) are the principal pollutants from incomplete combustion, and are of special interest due to their toxicity, carcinogenicity, and ubiquitous presence in the environment. 1) Major PAH sources to the atmosphere include motor vehicles, home heating, fossil fuel combustion in energy and industrial processes, biomass burning, and municipal and medical incinerators.
2) Ambient atmospheric PAH concentrations vary greatly with high concentrations most often found in urban areas and low concentrations in rural and remote regions.
3) The association of PAH with the respirable fraction of airborne particle matter is of particular importance in terms of human health effects. Furthermore, ambient urban air levels of PAH are of concern because they are produced from the combustion of fossil fuels. In this study, an investigation on airborne particle PAH was conducted in metropolitan Bangkok.
Metropolitan Bangkok is the largest city in Thailand with a population of about 10 million. As in other large cities, Bangkok is faced with serious air quality problems. Particles matter equal to or less than 10 µm in diameter (PM10) often exceeds the Thai ambient air quality standard of 120 µg/m 3 over a 24 hr period. 4) Major sources of particulate matter have been attributed to construction activities and motor vehicle traffic. This severe situation suggests air pollution control technologies currently in use may be ineffective for inhaled particles. Various issues have been investigated recently to mitigate air quality concerns in Bangkok. 4) Studies that focus on carcinogenic substances such as PAHs in inhaled particles are still scare in Thailand and other Asean countries, even through
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statistics on cancer in Thailand have shown that lung cancer is the most common form of cancer in areas where the air pollution levels are considered dangerous.
5) The concentrations and distribution of airborne PAH in a tropical environment are expected to be different from those in a temperate one where a number of studies have been undertaken [6] [7] [8] due to variations in type and scale of emission sources as well as air temperatures. The objective of this study was to investigate the amount and characteristic of PAHs in inhaled dust and its carcinogenic potential.
MATERIALS AND METHODS
Sample Collection ---Ninety six samples were collected from six sampling stations in the Bangkok metropolitan by high volume sampler. To avoid wet removal of airborne PAH, the study was done during the dry season (Nov. 2002 to April 2003) when suspended particle matter pollution in Bangkok is the most serious. Sampling stations were located along the roadsides throughout most of the inner part of the Bangkok metropolitan area as shown in Fig. 1 . Station 1 & 2 and 3 & 4 were selected as representative of low density traffic sites (< 30000 cars/day) and dense traffic sites (30000-90000 cars/day), respectively. While station 5 & 6 were the highest density traffic sites with the traffic volume greater than 90000 cars/day.
9) The high volume sampler used in this study was equipped with a quartz filter (18 × 23 cm 2 and pore size 0.3 µm) and PM10 inlet. After sampling, exposed filters were folded in half and wrapped in aluminum foil and kept together in a capped plastic bag. Filter samples were dried in a dark desiccator for 24 hr and weighed. Samples were stored at 4°C in the dark until extraction and analysis for PAHs. Chemical Analysis ---Analysis of PAH content of each filter paper was begun by cutting it into small pieces and placing them in a screw cap centrifuge tube (20 ml) with a Teflon liner. Dichloromethane (20 ml) was added to the tube which was then sealed and placed in an ultrasonic bath for 30 min at 10°C. The tube was then centrifuged at 3200 rpm for 5 min and 15 ml of the supernatant transferred to a small test tube to which 50 µl of dimethylsulfoxide (DMSO) was added to retain PAH. The test tube was The analysis for sixteen PAHs was accomplished by HPLC (Hewlett Packard, 1100 series, CA, U.S.A.) which consisted of a main column (Vydac, C18, Φ 4.6 × 250 mm, CA, U.S.A., 28°C) and fluorescence detector (Hewlett Packard, 1046A) for PAH separation. Excitation, emission wavelength and minimum detection limit of individual PAHs are shown in Table 1 .
Ultra pure grade (99.999%) nitrogen gases used in this study were purchased from Thai Industrial Gas Co. Ltd., Bangkok, Thailand. Acetonitrile, dichloromethane, dimethylsulfoxide (Merck, chromatographic grade) were used in analysis. Standard Reference Material (Urban Dust, SRM 1649a) obtained from the National Institute of Standards and Technology (NIST), CA, U.S.A. was run to check the reliability of the analysis. The resulting values were in good agreement with certified values given for this material (see Table 2 ).
RESULTS AND DISCUSSION

Characterization of Polycyclic Aromatic Hydrocarbons in PM10
Field sampling was conducted in the Bangkok metropolitan area during the dry season. Ambient temperatures ranged from 17.5 to 36.6°C and relative humidity ranged from 73 to 85%. During the sampling period, the prevailing wind direction was N/NE (November-December) and S/SW (January-April) with wind speeds ranging from 1.7 to 2.3 m/sec.
The analyses of PAH was performed on samples of PM10 which is recognized to be a more appropriate indicator of adverse health effects than total suspended particles. The gas phase was not investigated because higher-molecular PAHs, like target PAHs concerned in this study, are present in air almost exclusively as particle-bound compounds. 10) Among the sixteen PAH analysed as shown in Fig. 2 , the lighter PAHs (2-3 rings) that are generally not carcinogenic, such as Naph, Ace, Flu, Phen and Ant were detected at the low concentration in the study sites. This is due to its high volatility especially at the high ambient temperatures during the sampling period (17.5-36.6°C). Therefore, most of these compounds are commonly found in the gas phase. Heavier PAHs such as Benzo 11) also in the Bangkok but in different region than the present study. These sorbed compounds are deposited in the human respiratory tract, increasing potential health effects. All of the PAHs tended to be more concentrated at site 3 (Sukhumvit Road) than other sites consistent with the dense traffic conditions. Road traffic was included both gasoline and diesel fueled vehicles from a local bus terminal. Moreover, canopy over Sukhumvit road constructed to accommodate Bangkok's Mass Transit System, restricts air ventilation and PAH distribution from vehicle emissions. We also detected high concentrations of BeP, Pyr and Crys that are molecular markers for diesel vehicle emission at this study sites. Ind and BghiP, both considered as good markers for gasoline vehicle emission 12) were found in abundance at most study sites. This suggests that the PAH products found along Sukhumvit road were a result of the direct emission of fuel combustion from gasoline and diesel powered vehicles.
To assess PAH homolog distribution for each collected sample, we further classified sixteen PAHs into two categories: low molecular weight (LMPAHs, containing two-to three-ringed PAHs), and high molecular weight (HM-PAHs, containing fourto six-ringed PAHs) ( Table 3 ). This study revealed that low molecular weight PAHs represented only a small portion (8.3%) of the total in airborne particles with most PAHs being of high molecular weight (91.7%).
Furthermore, information from this study indicated that five ringed PAHs were the predominant homolog followed by six, four, three and two ringed forms, respectively (Fig. 3) . Unfortunately, the predominant five ringed PAHs are regarded as having the highest carcinogenic potency. Similar patterns of distribution as shown in Fig. 3 were found at every study site in the Bangkok metropolitan area. This suggests the PAH residues found at the study sites may have all originated from the combustion of gasoline and diesel fuels. Relatively high concentrations of BeP and BghiP on airborne particles collected from the outer and inner part of Bangkok metropolitan are reported by many investigators. 11, 13, 14) The PAH profiles obtained from those investigators are in accord with the present study. The results of these studies also indicated that BbF, in addition to BghiP, BkF, Flt and Pyr are mostly contributed from diesel powered vehicles. Table 4 shows that total and carcinogenic PAHs are strongly correlated with the mass of PM10 but weakly correlated with area traffic volume. This is probably due to the sorptive property of the airborne particles that increases directly with airborne particle concentration. Moreover, considering that several PAH compounds are known as human carcinogens, we also classified them into two categories depending on their carcinogenicity, such as carcinogenic (BaA, Crys, BbF, BkF, BaP, DahA and Ind) and non-carcinogenic PAHs (Naph, Ace, Flu, Phen, Ant, Flt, Pyr, BeP, and BghiP). This indicated that 71.4% of the total PAHs found in the study sites are carcinogenic PAHs whereas 28.6% are non-carcinogenic PAHs (Fig. 4.) .
Risk Assessment of Carcinogenic PAH
Several PAH compounds are known as human carcinogens such as BaA, Crys, BbF, BkF, BaP, DahA and Ind. The information obtained from the present study indicated that carcinogens like BbF However, health risk assessment of carcinogenic PAH can not be related only to overall concentration. Rather, each PAH has a different carcinogenic potential. Health risk assessment associated with inhalatory PAH uptake is often estimated on the basis of the BaP concentrations in air. The development and the establishment of a toxicity equivalency factor (TEF) is used in the assessment of mixtures containing PAHs. Therefore, the carcinogenic potencies of individual carcinogenic PAHs have to be considered by multiplying their concentration with the appropriate TEF. Concentrations of individual PAHs were calculated in terms of benzo[a]pyrene equivalents (BaP eq ) and are presented in Table 5 .
Based on the calculated BaP eq values for individual carcinogenic PAHs, we can also calculate 3 ). The above unit risk was proposed to estimate the lung cancer risk caused by a lifetime exposure. Therefore, it has been adopted by a recent study for assessing lung cancer risks by adults exposed to ambient atmospheric PAHs. In this study, the sum of BaP eq levels at each study site was used to estimate the corresponding lifetime lung cancer risks for Bangkok residents. The annual number of lung cancer case (persons per million) in the Bangkok metropolitan area (population = 10 millions) can be estimated by the following equation. 16) Annual number of lung cancer case (persons per million) = Unit Risk × Sum BaP eq × Population (million of residents) Life expectancy
The findings of this study indicate that the annual number of lung cancer cases among Bangkok residents attributable to these carcinogenic PAH compounds in 2002/2003 was estimated at 27 persons per million (Table 5) . This is about three times lower than the previous estimate for Bangkok residents of 78 persons/million made in 1996/1997 by Ruchirawat et al., 13) and may indicate a significant improvement of air quality in the metropolitan area. In 1996/1997 Bangkok had a severe problem with the diesel fuel used by motor vehicles. Recent adoption of the national industrial standard for the diesel engine has resulted in improved efficiency of combustion motors and may have caused a decline in PAH emissions. However, with an increase in the number of vehicles in the Bangkok metropolitan area, PAH abatement measures are still needed. No. 4 Copenhagen was only 2.7°C while that in Bangkok was about 27°C. Overall, the aromatic PAHs in tropical countries can be expected to be volatilized faster than those in temperate environments.
In conclusion, this study focused on the characterization and carcinogenic risk assessment posed by PAH exposure via inhalation of the respirable fraction of airborne particles in the Bangkok metropolitan area. BghiP, BbF, BeP, Ind, and BaP were the predominant PAHs in this area followed by Crys, Flt, Pyr, BaA, Phen, BkF, DahA, Naph, Ace, Flu and Ant, respectively. The results of the study revealed that low molecular weight PAHs represented only a small portion of the total with most being of high molecular weight. Our results indicated that 71.4% of the total PAHs found in the study sites have carcinogenic potential in humans. Statistical analysis showed that total PAHs and carcinogenic PAHs are strongly correlated with the mass of PM10 but weakly correlated with the traffic volume of the area. Results of the finding underlines and confirms the importance of BaP as a prominent carcinogenic compound for PAH mixtures in air of the study area. The annual number of lung cancer case of Bangkok residents caused by these carcinogenic PAH compounds was estimated as 27 persons per million. However, the concentration of carcinogenic PAHs found in Bangkok city in 2002/2003 is comparable to those previous studies in Nagasaki and Rome.
